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Introduction {#sec1}
============

The intermittent sustainable energy resources such as wind, tidal, and solar energies are crucial for alleviating the potential global energy crisis, and yet are in need of reliable, low-cost, and long-lifespan electrochemical energy storage technologies ([@bib1], [@bib5], [@bib2], [@bib4]). Zinc-air batteries (ZABs), compared with other options, are promising alternatives for utilizing low-cost, easy-maintenance, and safe water-based electrolytes ([@bib2], [@bib10], [@bib8], [@bib9]). ZAB systems have a few particular advantages, including high natural abundance of zinc, easy mining, non-toxicity, and the sufficient stability of metallic zinc in water under low redox potentials ([@bib19], [@bib16], [@bib28]). The aqueous electrolytes with high ionic conductivities are conducive to high rate capabilities and durability, suitable for stationary grid storage ([@bib15], [@bib19]). However, the prevalent issue of dendrite formation during zinc electrodeposition causes the notorious memory effect and internal short circuit failures ([@bib7]), leading to decline of lifespan ([@bib15], [@bib9], [@bib19], [@bib28]).

To extend the cycling lifespan of ZABs, various strategies have been proposed for the issues of air electrode ([@bib20], [@bib13], [@bib3]) and zinc dendrite ([@bib19], [@bib22]). The methods to optimize cycle performance include substrate epitaxial deposition in a neutral electrolyte ([@bib9], [@bib28]), use of zinc salt with non-aqueous solvents ([@bib14], [@bib28]), and development of stable electrocatalysts ([@bib27], [@bib11], [@bib24], [@bib26]). However, because the electrolyte lacks spatial constraints for zinc deposition, the as-formed zinc tends to grow into stable dendrites under high current density ([@bib10], [@bib22], [@bib28]). Thus, it is of great importance for high-rate ZABs to improve the resistance to dendrite formation.

Here we adopt the aqueous multiphase alkaline electrolytes, which are suitable for dendrite control at high current density. As illustrated in [Figure 1](#fig1){ref-type="fig"}, the electrolytes are divided into homogeneous and heterogeneous phases by a hydrophilic polytetrafluoroethylene (PTFE) membrane. It is verified by the experiment that zinc deposition is preferential in the heterogeneous phase, and the depositing-stripping region can be restricted in the region. The zinc electrode, as well as an electrode with oxygen evolution reaction (OER) activity, is placed in the heterogeneous phase solution for the charge process. The metal zinc would deposit in the spatially confined heterogeneous phase without entering the homogeneous solution. The air electrode with oxygen reduction reaction (ORR) activity is assembled in the homogeneous phase, and contacts with air for the discharge process. This dendrite-resistant battery delivers energy densities of 196.2 Wh kg^−1^ and 309.1 Wh L^−1^, calculated according to the mass and volume of battery. The accelerated aging test shows excellent capacity retention as high as 100% after 10,000 rapid cycles at a current density of 50 mA cm^−2^. In the simulated conditions for utilization of intermittent energy resources, the ZABs maintain a remarkable reliability and responsiveness over the 2,000-h test of discharge and charge cycling, exhibiting great potentials for large-scale energy storage.Figure 1Structure and Design of the ZABSchematic illustration and operation principle of the ZAB with multiphase electrolytes: a hydrophilic PTFE membrane divides the solution into homogeneous and heterogeneous phases, and the redox of zinc is carried out in the heterogeneous phase; the OER electrode releases oxygen in heterogeneous phase during charge process, and the ORR electrode consumes oxygen in homogeneous phase during discharge process.

Electrochemical Performance of Multiphase Electrolytes {#sec1.1}
------------------------------------------------------

With these configurations of electrolytes, we confirmed that the supersaturated solution (excess ZnO in KOH solution) can be kept apart from a homogeneous solution by a hydrophilic PTFE membrane. As for the durability of the hybrid electrolyte system, the stability of the membrane with two phases was measured in 200-h placement tests. The homogeneous phase exhibits a transparent state, whereas the heterogeneous phase would precipitate and separate. As shown in [Figure S1](#mmc1){ref-type="supplementary-material"}, the hybrid electrolytes were local stable, and the optical images show the high stability of the membrane for electrolyte separation without the exchange of solid substances during the placement test. In [Figures 2](#fig2){ref-type="fig"}A and 2B, the PTFE membrane shows a good wettability to water, with the contact angle of 49.9° (initial) and 53.9° (after 200 h), guaranteeing an excellent interface between two phases. The increase in total electrolyte resistance caused by membrane was measured in an h-type electrolytic cell with two platinum electrodes (illustrated in [Figure S2](#mmc1){ref-type="supplementary-material"}). It should be noted that the heterogeneous and homogeneous phases were physically separated; thus the high-frequency impedance indicated the interfacial resistance ([@bib14], [@bib15]). In [Figure S3](#mmc1){ref-type="supplementary-material"}, the electrochemical impedance spectroscopy result shows the interfacial resistance of 350 mΩ (initial) and ∼400 mΩ (after 200 hr). The low interfacial resistance was favorable for fast ion exchange. The compatible interface of different phases provided a stable and long-lifespan hybrid electrolyte system.Figure 2Characteristics of the Zinc Electrodeposited(A and B) The contact angle image before test (A) and after 200 hours test (B).(C) The *V*-*t* curve of zinc electrodeposition at 30 mA cm^−2^, and the X-ray diffraction pattern of electrodeposition products.(D) The micromorphology of zinc electrode (scale bar, 2 μm).(E and F) Simulation results of zinc electrodeposition in (E) homogeneous and (F) heterogeneous phase: the red and blue regions represent the metallic zinc and the electrolyte solution, respectively.

The PTFE membranes were assembled in various simple geometric shapes to conduct the zinc deposition in a heterogeneous phase (see the diagrammatic sketch in [Figure S4](#mmc1){ref-type="supplementary-material"}). The surface for initial zinc deposition was a small disc at the bottom. The homogeneous phase was outside the membranes. The growth direction of zinc was along the membrane. As shown in [Figure S5](#mmc1){ref-type="supplementary-material"}, on the macroscopic view, the electrodeposited zinc tends to fill up the heterogeneous phase region. At the beginning, the metal zinc spread over the disc; then the zinc coating gradually covered the bottom of the heterogeneous phase. The total area of zinc layer was actually increased, contributing to the mitigation of dendrite formation. It was clear that the overpotential was reduced during this process owing to the increase of zinc surface, as shown in [Figure 2](#fig2){ref-type="fig"}C. The metal zinc grew along the shape of membrane with a relatively flat upper surface, and grew within the heterogeneous phase without entering the homogeneous phase. Although the electrodeposit was flat, the morphology was porous on microcosmic scale ([Figure 2](#fig2){ref-type="fig"}D). The metal zinc was loose and soft, with an average mass density of 0.61 g cm^−3^, far below the original density of 7.1 g cm^−3^.

In addition, the PTFE membrane was placed perpendicular to the direction of electrodeposition (sketched in [Figure S6](#mmc1){ref-type="supplementary-material"}). The metal zinc grew through the membrane at 30 mA cm^−2^ and occupied the full space under the membrane ([Figure S7](#mmc1){ref-type="supplementary-material"}). It was clear that the membrane had no hindrance for dendritic growth. The zinc deposition was mainly affected by the growth direction and the phase with high concentration of zinc compounds. The results indicated that the zinc dendrite could be controlled with the multiphase electrolytes by rational guidance for electrodeposition.

In the heterogeneous phase, the insoluble solid particles gradually accumulated on the bottom, forming a porous and loose barrier for zinc electrodeposition. The solid particles brought about the resistance for ionic migration. The ionic conductivity of the heterogeneous phase solution decreased as the concentration of ZnO increased, as shown in [Table S1](#mmc1){ref-type="supplementary-material"}. Finally, there was a stable precipitation layer with poor ionic conductivity on the electrode surface. Because of the loose structure of precipitation, a thin solution film was kept between the electrode and the precipitation layer. That would form a physically isolated environment for dendrite growth. In the thin solution film, the electrodeposition would still tend to form dendrites at high current density. Then the dendrite reached the precipitation layer soon, and the electrodeposition rate was slowed down at the top of the dendrite. The especially prominent dendrite was inhibited, forming a relatively flat surface.

To gain in-depth insights on the dendritic growth of electrodeposited zinc in a heterogeneous phase, the phase-field method was utilized to investigate the electrodeposition process ([@bib22]). As illustrated in [Figure S8](#mmc1){ref-type="supplementary-material"}, the zinc was generated at the bottom edge. In addition, a ZnO layer with low ionic conductivity was located above the bottom edge. A reaction area without the ZnO layer (homogeneous phase) was used for comparison. The electrodeposition current density was set as 30 mA cm^−2^. The ZnO is soluble in the alkaline electrolyte such as sodium hydroxide solution with a low solubility ([@bib6]):$$\left. \text{ZnO} + \text{H}_{2}\text{O} + 2\text{OH}^{-}\rightleftharpoons{\text{Zn}\left( \text{OH} \right)}_{4}^{2 -} \right.$$

In the homogeneous system, all the ZnO dissolved in the electrolyte, converting to zincate ions. The growth of zinc dendrite was almost uncontrollable. In the heterogeneous phase electrolyte, the majority of ZnO precipitated in the insoluble solid state ([@bib6]). In the process of zinc deposition, the zincate ions were consumed at the zinc electrode, whereas the porous precipitation layer provided zincate ions by dissolution. This structure maintained a high concentration of zincate ions and high mass transfer resistance at the zinc electrode. The growth of zinc dendrites toward the precipitated layer was inhibited.

The simulation results were shown in [Figures 2](#fig2){ref-type="fig"}E and 2F. In the space between ZnO layer and bottom edge, zincate ions would be reduced and deposited on the electrode surface. At the high current density, electrochemical reaction kinetics, atomic bond, ion diffusion, crystal nucleation, and growth all have a critical impact on the morphology of electrodeposited zinc. It was expected that the classical dendrite was unrestricted and got expanded in the thin solution film ([Figure S8](#mmc1){ref-type="supplementary-material"}). The tip of dendrite slowed the growth when it reached the ZnO layer, resulting in promoted crossing growth. As the result of the strengthening crossing growth, the space under ZnO layer was gradually filled with the dendritic metal zinc. The microscopic morphology was dendrite, whereas the macroscopical structure had a flat surface. The ZnO reduced the ionic conductivity in the heterogeneous phase, but improved the space utilization of zinc deposition. The deposited microstructure was still dendritic, similar to that deposited in homogeneous phase, leading to the low mass density. Fortunately, the macroscopic shape tended to be well ordered. Compared with the morphology of random dendrites deposited in homogeneous phase, the macroscopic shape could be predicted because of the flat upper surface, which was deposited in heterogeneous phase. The ordered electrodeposition contributed to preventing the internal short circuiting of ZABs.

Fabrication and Stability of the Air Electrode {#sec1.2}
----------------------------------------------

The oxygen reduction reaction needs a reaction environment including electron conductor, ionic conductor, and oxygen path. Gaseous oxygen is the product of OERs ([@bib12], [@bib7], [@bib18], [@bib23], [@bib17]); thus the oxygen path is not necessary for the oxygen evolution process ([@bib17]). Consequently, we could accurately regulate and control the redox of oxygen in ZABs. The classic structure of the air electrode includes electrocatalysis layer, collector layer, and gas diffusion layer ([@bib10], [@bib7], [@bib21], [@bib25]). With the alkaline electrolyte of ZABs, we adopted two types of air electrodes to evaluate their durability at high current density: a separated type and an integrated type. To match the multiphase electrolytes, we designed an air electrode only with commercial Pt electrocatalyst for ORR and an extra porous electrode coated with IrO~2~ for OER (separated type). The other type of air electrode integrated commercial bifunctional electrocatalysts of Pt/IrO~2~ in the electrocatalysis layer (integrated type). Both types of air electrode displayed high reversibility for the redox of oxygen, with charge-discharge voltage polarization of 0.67 V (separated type) and 0.65 V (integrated type) at 20 mA cm^−2^ respectively, as shown in [Figure 3](#fig3){ref-type="fig"}C.Figure 3Stability Tests of Air Electrodes(A and B) The diagrammatic sketch of the integrated (A) and separated (B) air electrode in an electrolytic cell.(C) The polarization characteristics of integrated and separated air electrode.(D and E) The *u-t* curve of both air electrodes at 30 mA cm^−2^. (E). The *u*-*t* curves of both air electrodes at rectangular wave current: 50 mA cm^−2^ for 50 min, 0 mA cm^−2^ for 10 min.(F--H) Scanning electron microscopic (SEM) images of the integrated air electrode working as anode in a symmetrical electrolytic cell before (F) and after (G and H) the rectangular wave current test. Scale bars: 50 μm in (F), 200 μm in (G), and 2 μm in (H).(I and J) SEM images of the separated air electrode working as anode in a symmetrical electrolytic cell before (I) and after (J) the rectangular wave current test. Scale bars, 1 mm(K) X-ray diffraction patterns of the separated air electrode working as anode before and after the rectangular wave current test.

The integrated air electrode was assembled in a symmetrical electrolytic cell with 1 M NaOH. The air electrodes were in contact with air and electrolyte, with one as anode and the other as cathode (as illustrated in [Figure 3](#fig3){ref-type="fig"}A). The separated air electrodes directly constituted two electrodes of the electrolytic cell because of its asymmetry, and the OER electrode was in the electrolyte solution, serving as the anode (as illustrated in [Figure 3](#fig3){ref-type="fig"}B). The durability tests were conducted under constant current (30 mA cm^−2^) and rectangular wave current conditions. In constant current tests, the separated air electrode was more stable than the integrated type. As shown in [Figure 3](#fig3){ref-type="fig"}D, the voltages of both types of air electrodes increased after 200 h, with an increment of 60 mV for the integrated type and 170 mV for the separated type. Although the overpotential of both types of air electrode increased, the separated air electrode was more stable. In the rectangular wave current tests, the integrated air electrode suffered from a more significant voltage rise, whereas the separated counterpart could maintain stable voltage characteristics. The results showed that the integrated air electrode had a lower stability owing to some irreversible failure in the redox of oxygen ([Figure 3](#fig3){ref-type="fig"}E). When the air electrodes acted as the cathode, the surfaces of the electrocatalysis layer were nearly unchanged in both types of air electrodes ([Figure S9](#mmc1){ref-type="supplementary-material"}). Some small cracks could have formed during the installation or sample preparation. When the air electrodes served as the anode, the separated air electrode still stayed relatively unchanged ([Figures 3](#fig3){ref-type="fig"}I and 3J), and the X-ray diffraction patterns verified the high stability of the components ([Figure 3](#fig3){ref-type="fig"}K). There was significant structural damage in the electrocatalysis layer of the integrated air electrode. As shown in [Figures 3](#fig3){ref-type="fig"}F--3H, it was clear that there was massive material loss on the surface, and even partial exposure of the collector layer. The activity of the electrocatalysis layer declined as the electrocatalysts separated from the electrode, resulting in an increased overpotential.

The mechanical failure would further lead to the performance degradation of the integrated air electrode. The material loss changed the electrode structure and components, thus increasing the risk of battery failure such as electrolyte leakage ([@bib10]). The results showed the separated air electrode would be better suited for the multiphase electrolytes.

Cyclability Performance of the ZAB {#sec1.3}
----------------------------------

[Figure 1](#fig1){ref-type="fig"} illustrates the structure and the operating principle of the ZABs, and [Figure S11](#mmc1){ref-type="supplementary-material"} illustrates the electrical connection of the separated ORR/OER electrodes to the external load. The batteries were improved on the basis of the button cell, as shown in [Figure S10](#mmc1){ref-type="supplementary-material"}. A hydrophilic PTFE membrane divided the electrolyte solution into homogeneous and heterogeneous phases. Both zinc deposition and stripping occurred in the heterogeneous phases. The separated air electrode was used for ORR in homogeneous phase and for OER in heterogeneous phase. The hydrogen evolution was a competitive side reaction in the zinc deposition process, which would reduce the charge-discharge efficiency. Considering the narrow electrochemical window of aqueous electrolyte, sodium stannate was used as electrolyte additive to inhibit hydrogen evolution ([@bib9]).

In a fully charged state, the discharge current-voltage curve of ZABs was shown in [Figure 4](#fig4){ref-type="fig"}A. The ZAB had a stable open-circuit voltage of 1.46 V and a peak power density up to 320.2 mW cm^−2^ (at the current density of 339.8 mA cm^−2^). In the actual state, the oxygen concentration was lower than that of pure oxygen, and the electrocatalysts were insufficient to maintain the ORR/OER perfectly reversible. The hydrogen evolution reaction would raise the potential of the zinc electrode. These factors lead to the open-circuit voltage being lower than the theoretical value.Figure 4Performance Tests of the ZAB(A) Discharge characteristics of ZAB.(B) The Coulombic efficiencies of the ZAB under different current densities: 1, 2, 3, 4, 5, 6, 7, 10, 20, 30, and 50 mA cm^−2^.(C) The cyclability performance of the ZAB (charge 1 min and discharge 1 min at 50 mA cm^−2^).(D and E) The voltage characteristics (D) and Coulombic and energy efficiencies (E) of the ZAB at 5 mA cm^−2^ with capacity density of 100 mAh cm^−2^.(F and G) The voltage characteristics (F) and Coulombic and energy efficiencies (G) of the ZAB at 5 mA cm^−2^ with capacity density of 200 mAh cm^−2^.(H and I) The voltage characteristics (H) and Coulombic and energy efficiencies (I) of the ZAB at 5 mA cm^−2^ with capacity density of 400 mAh cm^−2^.

Because of the hydrogen evolution reaction, charging at high current density as well as discharging at low current density could be beyond the electrochemical window and increase the possibility of side reaction. There should exist an optimum charge-discharge current density to attain the highest Coulombic efficiency ([@bib28]). The charge capacity was set as 1 mAh, and [Figure 4](#fig4){ref-type="fig"}B showed the discharge capacities at different current densities (1--7, 10, 20, 30, 50 mA cm^−2^). The results indicated the highest average Coulombic efficiency of 97.4% at 5 mA cm^−2^. In the accelerated tests of durability for ZAB, the fully charged battery was operated at the current density of 50 mA cm^−2^ for 10,000 cycles. Under such high rate conditions, [Figure 4](#fig4){ref-type="fig"}C showed that the ZAB had a stable charge-discharge voltage polarization about 1 V, without any significant increase.

The cyclability performance of the ZAB was conducted at the current density of 5 mA cm^−2^ with different capacity densities (100, 200, 400 mAh cm^−2^). The ZAB exhibited excellent reversibility and stability with these capacity densities in the 2,000-h discharge and charge cycling, as shown in [Figures 4](#fig4){ref-type="fig"}D--4I. The voltage curves indicated that the ZAB maintained the average Coulombic efficiencies above 90% without an internal short circuit caused by dendrite except at 400 mAh cm^−2^, and exhibited the minimum charge-discharge voltage polarization of 0.6 V. During the test, the highest energy efficiency was 69.6%. The battery realized the high energy density of 1,050.9 Wh kg^−1^ based on the mass of zinc consumption. With the total mass of ZAB included ([Table S2](#mmc1){ref-type="supplementary-material"}), the battery showed a discharge energy density of 309.1 Wh L^−1^ and 196.2 Wh kg^−1^.

In [Figures 4](#fig4){ref-type="fig"}D, 4F, and 4H, the point from discharge to charge process showed drop-points close to zero. During the discharge process, the metal zinc was oxidized and the amount of metal zinc kept decreasing. At the end of the discharge process, there was hardly any metal zinc in the zinc electrode. Owing to the state change of the zinc electrode, the dynamic equilibrium of the electrochemical reaction was broken, and the voltage of the battery would drop to the voltage limit.

In the deep charging and discharging active status (400 mAh cm^−2^), the voltage curve dropped to near zero during charge process in the 11th cycle ([Figure 4](#fig4){ref-type="fig"}H). Apparently, there was an internal short circuit caused by the dendrite. The supersaturated solution turned homogeneous because the ZnO precipitate was dissolved and the dendrite formation became uncontrollable. Nevertheless, the cyclability performance of the ZAB seemed uncompromised. The discharge process following the internal short circuit was highly effective, and the following cycles were stable and reversible. The ZAB was resistant to dendrite and supported fault recovery without manual intervention, benefiting from the multiphase electrolytes and separated air electrode. As demonstrated by the experimental and theoretical methods, the zinc deposition was spatially limited, and the dendrite growth was inhibited in the heterogeneous phase. The ORR electrode got rid of the short circuit, even though the dendrite contacted with OER electrode, thus guaranteeing the high reliability for cycle operation.

Applications of the ZABs in Intermittent Energy Storage {#sec1.4}
-------------------------------------------------------

In large-scale energy storage with high capacity requirements, the batteries are composed of modules in series and parallel forms. We used two ZABs in series connection for intermittent energy storage with a simulated condition: 12 h charge and 12 h discharge at 30 mA cm^−2^. The capacity density was 360 mAh cm^−2^, avoiding the heterogeneous phase to turn homogeneous at deep charging and discharging active status.

The ZAB module was stable with an open-circuit voltage of 2.89 V ([Figure 5](#fig5){ref-type="fig"}A). The total discharge polarization curve showed the peak power density of 280.8 mW cm^−2^ (at the current density of 383.6 mA cm^−2^). The discharge performance characteristics could be approximately regarded as the linear superposition of independent ZABs, and the connected components mainly caused the performance penalty. The module exhibited the highest energy efficiency of 62.0% ([Figure 5](#fig5){ref-type="fig"}B). This ZAB module operated continuously for 60 days without any halt, as shown in [Figure 5](#fig5){ref-type="fig"}C. Because of the dendrite-resistant ZABs, the module exhibited the ideal energy storage characteristics of steady operation, anti-overloading, and free maintenance (compared with other zinc-air counterparts in [Table S3](#mmc1){ref-type="supplementary-material"}).Figure 5Performance Tests of the ZAB Module(A) Discharge characteristics of ZAB module.(B) The Coulombic and energy efficiencies of ZAB module at current density of 30 mA cm^−2^and capacity density of 360 mAh cm^−2^ in 60-day simulated condition.(C) The *u-t* curve of ZAB module during the 60-day simulated condition.

Conclusions {#sec1.5}
-----------

In summary, we demonstrated experimentally and computationally the ZAB with high energy density, high reliability, and dendrite resistance. Benefiting from the form of separated air electrode, each electrode had a very small potential change in operation, improving the stability. The zinc deposition could be conducted in the heterogeneous phase separated with ORR electrode. Although the loose and dendritic microstructure seemed inevitable at high current density (30 mA cm^−2^), the growth of metal zinc exhibited a good controllability at the macroscopic level with a relatively flat upper surface. Even when the internal short circuit occurred during charging process, the ZAB would get auto recovery and keep the cyclability performance. This work sheds light on the effective strategy of controlled zinc deposition, widening the way to the applications of the ZABs in large-scale energy storage with high energy density, high safety, anti-overloading, and free maintenance.

Limitations of the Study {#sec1.6}
------------------------

Our work has demonstrated how the separated air electrode matched with multiphase electrolytes for ZABs can resist dendrite formation and lead to the ultralong cycle life of the ZAB. However, the battery performance is mainly revealed and characterized by electrochemical analysis, which lacks a deeper understanding of the anti-dendritic mechanism. It requires *in situ* technology and first-principles study for further analysis.
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